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Abstract 
Coal-to-liquids (CTL) is a process of producing synthetic transportation fuels from coal. The process involves gasification of coal 
to produce synthesis gas which is then catalytically converted to liquid fuels in a Fischer-Tropsch (FT) reactor. A major concern 
of CTL plants is their emissions of carbon dioxide (CO2) produced as part of the process. A significant fraction of the plant-level 
CO2 is produced in the gasification process, which needs to be separated before the syngas is fed into the FT reactor. In this 
paper, CTL processes using two different coal-feeding methods – slurry and dry – are studied for their effect on the performance, 
emissions and cost of a CTL plant. The slurry-fed and dry-fed systems are modeled based on the commercially available GE and 
Shell gasifier designs, respectively. Effect of implementing CCS or carbon constraints that impose a price or cost on CO2 
emissions is also studied. The potential of the co-production configuration to reduce the overall CO2 emissions by displacing 
conventional pulverized coal power plants is also investigated.  
It was found that the process using a dry-feed Shell gasification is more efficient, emits less CO2 and has lower capital and 
product costs compared to a CTL plant using a slurry-feed GE gasifier. For both the cases, the costs of liquid product from both 
liquids-only and co-production plants are comparable to the crude oil prices seen in the past 2-3 years. Though co-production 
plants are much costlier than liquids-only configurations in terms of capital cost, because of the high electricity revenues, the cost 
of liquid product is lower than that of the liquids-only case, at market prices of electricity. Co-production is also much more 
efficient than the separate production of liquids and power and, the difference in efficiency increases with the addition of CCS.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Coal-to-liquids (CTL) is a process of producing synthetic transportation fuels from coal, to replace or supplement 
conventional supplies of diesel oil and gasoline derived largely from imported oil. In the most commonly used CTL 
technology, coal is first gasified to produce synthesis gas (or syngas) which is subsequently converted to liquid 
hydrocarbons like gasoline and diesel in a catalytic Fischer-Tropsch (FT) process [1]. These fuels are very clean in 
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terms of criteria air pollutants such as nitrogen and sulfur oxides and aromatic hydrocarbons. Two general 
configurations of CTL plants are shown in Fig 1. In a typical commercial CTL plant (called “liquids-only” in this 
paper) shown in Fig 1(a), the unconverted syngas from the FT reactor is recycled to the reactor to increase the 
production of liquids. An alternate “co-production” configuration, shown in Fig 1(b) is possible, though not yet 
commercial, where unconverted syngas from the FT reactor, instead of being recycled, is combusted in a combined 
cycle power plant to generate electricity that is sold to the grid. Thus, besides providing liquid fuels, CTL 
technology can also be used for large-scale electricity generation.  
 
 
Figure 1: Two configurations of coal-to-liquids plant: (a) liquids-only, and (b) co-production 
A major concern of CTL plants is their emissions of carbon dioxide (CO2) produced as part of the process. A 
significant fraction of the plant-level CO2 is produced in the gasification process, which needs to be separated before 
the syngas is fed into the FT reactor. Depending on the catalyst used, some amount of CO2 is also produced in the 
FT reactor, which is also separated from the gases in the FT recycle gas loop. These streams of concentrated CO2 are 
usually vented to the atmosphere [2]. Coupled with the CO2 emissions resulting from their combustion in the use 
phase, over the life cycle, liquids derived from coal emit almost twice the CO2 compared to conventional liquid fuels 
derived from crude oil [3]. However, the plant-level CO2 can be offset by using carbon capture and storage (CCS) 
technology, in which the captured CO2 is compressed and transported to a deep geological formation, where it is 
sequestered.  
The amount of CO2 produced in the gasifier depends on the operating parameters such as pressure, temperature 
and the method of feeding coal. Gasification area also accounts for more than 60% of the total plant capital cost [4]. 
Hence, the choice of component technologies, particularly the gasifier, affects the performance, cost and emissions 
of a CTL process. In this paper, CTL processes using two different coal-feeding methods – slurry (GE gasifier 
design) and dry (Shell gasifier design) – are studied for their effect on the performance, emissions and cost of a CTL 
plant. Effects of implementing CCS or carbon constraints that impose a price or cost on CO2 emissions is also 
studied. The potential of the co-production configuration to reduce the overall CO2 emissions by displacing 
conventional pulverized coal power plants is also investigated.  
2. Methodology 
All major components of a CTL plant, including gasification, gas cleanup, FT synthesis and power generation 
were modeled using the Aspen Plus process simulation software [5]. For a given capacity of plant and specified 
operating conditions of different components the model calculates the mass and energy balances of various streams 
in the process. The results from the performance model are then input to a cost model which calculates the capital 
(US $/barrel/day) and operating costs (US M$/year) as well as the cost of the liquid product (US $/barrel). The 
direct costs of all process sections, except the Fischer-Tropsch process, are obtained from Integrated Environmental 
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Control Model (IECM) for an IGCC plant [6]. New cost models for the FT process were developed through a 
regression of cost data from recent literature [7, 8]. All costs are expressed in constant (levelized) 2007 dollars. 
3. Process Sections 
In this section, different process sections used in a CTL plant are explained in brief. The assumptions used for 
Aspen modeling are also listed.  
3.1. Gasification and gas cleanup 
In this paper, two commercially used gasifier designs differing in the method in which coal is fed, are modeled – 
(1) GE slurry feed, and (2) Shell dry feed gasifiers. The input variables such as gasification pressure, temperature 
and the feed rates of oxygen and steam relative to coal are based on the values reported in NETL baseline study of 
thermal power plants [10]. 
Table 1. Assumed operating conditions and syngas compositions of the gasifiers, calculated by the process performance model 
Parameter GE gasifier Shell gasifier 
Feed type Slurry Dry 
Temperature (oC) 1316 1427 
Pressure (MPa) 5.6 4.3 
O2/C (mol/mol) 0.47 0.42 
H2O/C (mol/mol) 0.55 0.15 
Syngas composition (calculated by the performance model) 
CO 0.345 0.571 
H2 0.335 0.300 
CO2 0.151 0.022 
H2O 0.142 0.027 
CH4 0.001 0.001 
The GE gasifier (earlier Texaco/Chevron Texaco) design consists of a cylindrical pressure vessel in which coal is 
fed in the form of water slurry and the oxidant is pure oxygen (95% purity, in this case). The operating temperature 
is 1,316 oC and pressure is 5.6 MPa. Ash is removed in the form of molten slag. The gasifier uses a radiant cooling 
technology to cool the raw syngas.  
In a Shell gasifier design coal is fed in dry form using nitrogen as the carrier. Oxygen and a small amount of 
steam are injected directly into the gasifier, which operates at 1,427 oC and 4.2 MPa. The high operating temperature 
limits the formation of CO2. However, the H2/CO ratio in the products is lower than what is required for FT 
reactions and a water gas shift reaction is required to adjust the ratio. 
Table 1 shows the composition of syngas produced by these two gasifiers. The combined volume of CO and H2, 
the main reactants in the FT reaction, is 68% in the products of the slurry-fed GE gasifier and 87% in that of the dry-
fed Shell gasifier. Thus, a dry-feed gasification system produces a larger fraction of syngas that is useful for FT 
reactions.  
The hot syngas exiting the gasifiers is cooled in waste heat recovery boilers producing high-pressure steam (9.8 
MPa), which is used in a steam turbine to generate power. For both gasifiers, a Selexol process is used to co-capture 
H2S and CO2 from the syngas. Elemental sulfur is derived from the captured H2S in an acid gas treatment plant. In 
cases employing CCS, the captured CO2 is compressed to 12.5 MPa and transported through pipelines to a 
sequestration site. 
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3.2. Fischer-Tropsch synthesis 
Fischer-Tropsch reactors convert syngas to hydrocarbon chains of varying lengths, as shown in Eqn 1.  
n CO + 2n H2  (--CH2--)n + n H2O (1) 
where n is the number of carbon atoms in the hydrocarbon molecule. The distribution of chain lengths depends 
on a parameter called chain growth probability (α) and can be depicted by the Anderson-Schulz-Flory (ASF) 
equation as shown in Eqn 2 [2].  
Wn = n(1 – α)2αn-1 (2) 
In this study, a low-temperature FT (LTFT) reactor operating at 250oC, using slurry-bed design with Fe catalyst 
is used (α = 0.9). This type of reactor is ideal for coal-derived syngas having low H2/CO ratios. CO2 formed in the 
FT reactor is also captured using a Selexol process. To avoid the build-up of inert species in the recycle loop, some 
amount of the recycled gas is purged. The cooling of FT reactor generates intermediate pressure steam (2.1 MPa) 
which is also used in a steam turbine to generate power.  
3.3. Power block 
The unconverted syngas from the FT reactor is either recycled back to the reactor (liquids-only configuration) or 
combusted in a gas turbine (co-production configuration) to generate electricity. The gas turbine modeled here is a 
GE 7FB design [10]. The hot exhaust gases from the gas turbine are cooled in a heat recovery steam generator 
(HRSG) which generates high pressure superheated steam (9.8 MPa, 538 oC). In cases where CCS is employed, CO2 
from the exhaust gases of gas turbine is captured using an amine-based (MEA) chemical absorption technology with 
a capture efficiency of 90%.  
For a liquids-only configuration, electricity is produced from waste heat in an amount that is just sufficient to 
meet the internal requirements of the plant, with no export to the grid. For the case with CCS in a liquids-only plant, 
a greater amount of electricity is produced internally to handle the additional compressor energy requirements. 
However, since only waste heat is used, the efficiency of a liquids-only plant does not change. 
4. Case Study Results  
This section demonstrates the application of the techno-economic assessment models of the CTL plants described 
above. Both liquids-only and co-production configurations, using slurry-feed and dry-feed designs are modeled for a 
plant producing 50,000 barrels/day of liquids from Illinois#6 bituminous coal. Plants with and without CCS are 
considered. All costs are reported in constant 2007 USD. Table 2 shows the performance and cost results for all the 
cases. For co-production plants, an electricity selling price of $80/MWh was assumed, reflecting the current average 
market price.  
4.1. Analysis of the liquids-only configuration 
Table 2 shows the main results for performance and cost of plants using GE and Shell gasifiers, both with and 
without CCS, for the liquids-only configuration. 
4.1.1. GE case  
Using a GE gasifier system, 19 kilo tonnes/day of coal is required to produce 50,000 bbl/day of liquids. The 
overall plant efficiency, calculated as the energy content of liquid products divided by the coal energy input (based 
on higher heating value), is close to 56%. Without CCS, this system emits about 24.7 kilo tonnes/day of CO2. 
Capital cost of such a plant is estimated to be $92,000/barrel/day and the cost of product liquid is $76.1/barrel, when 
there is no CO2 price. For a CO2 price of $25/tonne, the product cost increased to nearly $88.5/barrel. On the other 
hand, addition of CCS (including CO2 compression, transport and storage), increased the capital cost to 
$93,100/barrel/day, an increase of 1.3% from the case without CCS, while the product cost increased to $82/barrel. 
This shows that employing CCS is more cost-effective than paying a carbon price of $25/tonne CO2. 
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4.1.2. Shell case  
A 50,000 barrel/day CTL plant using Shell gasifier uses about 6% less coal (18 kilo tonnes/day) and emits about 
8% less CO2 (23 kilo tonnes/day) compared to the GE case, without CCS. As a result, this system has a higher 
efficiency of around 59%. The capital cost without CCS is $84,800/barrel/day and $86,000/barrel/day with CCS, 
about 8% less than the GE case. The cost of product liquid is estimated to be $71/barrel without CCS, which 
increases to $82/barrel when CCS is added. The increase is less than the GE case because of the lesser CO2 needed 
to be captured. A carbon price of $25/tonne CO2 makes the cost of product liquid $76/barrel. For both the GE and 
Shell cases, it was found that CCS becomes economical if the CO2 price is more than about $12/tonne. 
The main reason for the better performance and economics of a Shell system is the larger fraction of CO and H2, 
the main reactants in a FT reaction, in the gasifier products compared to the GE system, as shown in Table 1. The 
amount of CO2 produced in the Shell gasifier is also significantly lower. Thus the dry-feed Shell gasifier has a lower 
coal requirement for the production of same amount of useful syngas (CO and H2) compared to the slurry-feed GE 
gasifier. This translates into lower capital requirement of the dry-feed system. 
4.2. Analysis of the co-production configuration 
Table 2 also shows the results for co-production CTL plants which produce electricity along with 50,000 
barrel/day of liquids.  
Table 2. Performance and cost results for the case study plants. For co-production plants, electricity is assumed to be sold at $80/MWh. (All costs 
in constant 2007 USD) 
Parameter 
Liquids-only Co-production 
GE Shell GE Shell 
Coal input (103 tonnes/day) 19.04 17.98 23.57 22.99 
CO2 emitted, without CCS (10
3 tonnes/day) 24.69 22.83 35.39 34.99 
CO2 emitted, with CCS (10
3 tonnes/day) 0.29 0.31 0.80 1.11 
Net electricity output, without CCS (MW) - - 1,045 1,196 
Net electricity output, with CCS (MW) - - 887 1,030 
Efficiency, without CCS (% HHV) 56.1 59.4 55.2 58.8 
Efficiency, with CCS (%HHV) 56.1 59.4 53.0 56.4 
Capital cost, without CCS (103 $/barrel/day) 91.9 84.8 117.2 111.5 
Capital cost, with CCS (103 $/barrel/day) 93.1 85.9 129.3 127.6 
Cost of liquid, without CCS ($/barrel + no CO2 tax) 76.1 71.0 54.1 44.6 
Cost of liquid, without CCS ($/barrel + $25/t CO2) 88.4 82.4 71.8 62.1 
Cost of liquid, with CCS ($/barrel + no CO2 tax) 81.8 76.2 75.5 68.7 
Cost of liquid, with CCS ($/barrel + $25/t CO2) 81.8 76.2 75.9 69.2 
4.2.1. GE case  
A co-production CTL plant with GE gasifier consumes 23.6 kilo tonnes/day of coal. Without CCS, 35.4 
tonnes/day of CO2 is emitted and 1,045 MW of electricity is co-produced. With CCS, CO2 emissions reduce to 800 
tonnes/day and the co-product electricity decreases to 890 MW. The overall efficiency of this plant is 55.2% without 
CCS and 53% with CCS, which is lower than the corresponding liquids-only case. The capital cost of the plant 
without CCS is $117,200/barrel/day and $129,300/barrel/day with CCS, about 30% higher than the corresponding 
liquids-only plants. The cost of product liquids from a co-production plant depends on the revenue generated from 
electricity sales. When electricity is sold at $80/MWh, the cost of liquid product is $54.1/barrel without CCS, which 
increases to $71.8/barrel when there is a CO2 price of $25/tonne. The addition of CCS increases the product cost to 
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$75.5/barrel. Though the capital cost is much higher than the liquids-only configuration, because of revenue from 
electricity sales, co-production plants produce cheaper liquids than the liquids-only plants. 
4.2.2. Shell case 
As in the liquids-only plants, a co-production CTL plant with a Shell gasifier consumes lower coal (23 kilo 
tonnes/day) and emits lower CO2 without CCS (34.9 kilo tonnes/day). The electricity production is also higher than 
the GE case – 1,196 MW without CCS and 1,110 MW with CCS. Owing to the lower coal consumption and higher 
net power output, the overall efficiency of the plant is higher than the GE case. However, it is lower compared to the 
corresponding liquids-only plant using a Shell gasifier. This shows that the relative efficiencies of co-production and 
liquids-only configurations depend on the gasifier technology used. When CCS is applied, however, it can be seen 
from Table 2 that the Shell-based plants emit more CO2 than the GE-based plants. These emissions are a result of 
higher fraction of CO2 in the purge gases in the FT recycle loop of a Shell-based plant, whose capture is not 
considered in this paper. When electricity is sold at $80/MWh, the cost of liquid product is $44.6/barrel without 
CCS, which increases to $62.1/barrel when there is a CO2 price of $25/tonne. The addition of CCS increases the 
product cost to $68.7/barrel. Thus, a co-production plant using a dry-feed gasification system produces cheaper 
liquid fuels compared to a plant using slurry-feed gasification, because of lower capital cost as well as higher 
electricity production. 
4.3. Co-production vs. liquids-only 
Because a large amount of electricity is produced in a co-production plant, the cost of liquid product is highly 
sensitive to the revenue from electricity sales. Figure 2 shows the effect of the electricity selling price on the cost of 
product liquids for a co-production plant using Shell gasifier. Cases with and without CCS and CO2 price of 
$25/tonne are shown. Electricity prices at which co-production breaks even with liquids-only plant (based on the 
cost of liquid products) are indicated with arrows. For all the cases, co-production plants become cheaper than 
liquids-only plants when the selling price of electricity is in the range of $35 – 70/MWh. This price range 
corresponds to current market prices of electricity in the U.S., which can be expected to grow when there are carbon 
constraints. At higher prices, co-production becomes increasingly favorable. Similar results are found for a plant 
using GE gasifier.  
It can also be seen in Fig 2 that CCS becomes more costly than paying a CO2 price of $25/tonne if the electricity 
selling price exceeds $20/MWh. By varying the CO2 price, it was found that CCS will be the cheaper option at these 
ranges of electricity selling prices, for CO2 price exceeding $35/tonne. Thus, the economic feasibility of CCS for a 
co-production plant depends on various factors such as the extent of CO2 capture, the cost of CO2 emitted and the 
electricity selling price. 
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Figure 2. Effect of electricity selling price on the cost of liquid product for a co-production CTL plant using a Shell gasifier. A fee of $25/tonne 
CO2 is not enough to make CCS more economical than a plant without CCS. 
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Figure 3. Comparison of coal consumption and CO2 emissions for co-production and separate production liquids and power. The liquids output 
capacity of CTL plants is 50,000 barrels/day. 
4.4. Co-production vs. separate production of liquids and electricity 
Assuming a future demand for both coal-derived liquids and electricity, the performance, emissions and cost of a 
co-production configuration (using GE and Shell systems) was compared to the production of the same amount of 
liquid product and net power from separate liquids-only and a conventional pulverized coal (PC) power plant. Only 
ultra-supercritical plant (USCPC) is considered, since it is the most efficient (43% without CCS and 33% with CCS, 
based on HHV) of the coal-fired power generation technologies [10]. Figure 3 compares the coal consumption and 
CO2 emissions of co-production plants and separate CTL and power plants with and without CCS. For separate 
production, Figure 3 shows that without CCS the co-production plant consumes 15% less coal than the separate 
plants and uses 25% less coal for the cases with CCS. Thus it is clear that co-production is more efficient than the 
separate production of liquids and power. The difference in efficiency increases with the addition of CCS. It can also 
be seen that plants using dry-feed gasification are more efficient than the ones using slurry-feed gasifiers.  
Conceptually, the efficiency and emissions advantage of co-production over separate production can be utilized 
to achieve a net reduction in overall CO2 emissions if both power and coal-derived liquids are sought [4]. Williams 
et al. [11] also found that when biomass is co-fed with coal in a CTL plant with CCS, the resulting liquid product 
has lower life cycle CO2 emissions than conventional diesel. To achieve such net reductions in CO2 emissions, 
however, implementation of CCS must be mandatory or there must be a CO2 price that is sufficiently high to make 
CCS economically attractive for CTL. Furthermore, geological sequestration of CO2 on the scale that would be 
required (of the order of 10 million tonnes CO2 per year) has not been tested commercially. Thus, the technical 
viability of large-scale sequestration is a key requirement for this scenario. So too is the need to address and control 
other environmental risks of a large-scale facility, including air pollutants, water pollutants and solid pollutants. 
Thus, any large-scale implementation of CTL must simultaneously take into account the economic, strategic and 
environmental benefits and risks of this technology [3].  
5. Conclusion 
It has been shown that dry-feed gasification technology, when used in CTL plants, has advantages in both 
performance and cost compared to slurry-feed gasification. The main reason for better performance and economics 
of a Shell system is the larger fraction of CO and H2, the main reactants in a FT reaction, in the gasifier products 
compared to the GE system. However, for both the cases, the costs of liquid product from both liquids-only and co-
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production plants are comparable to the crude oil prices seen in the past 2-3 years. Though co-production plants are 
much costlier than liquids-only configurations in terms of capital cost, because of the high electricity revenues, the 
cost of liquid product is lower than that of the liquids-only case, at market prices of electricity. A co-production 
plant using a dry-feed gasification system produces cheaper liquid fuels compared to a plant using slurry-feed 
gasification, because of lower capital cost as well as higher electricity production. Plant-level CO2 emissions can be 
greatly reduced by using the CCS technology, without much increase in capital cost. Even with CCS, the liquid 
product costs are comparable to recent crude oil prices. For a liquids-only configuration, CCS is a cheaper option 
when the CO2 price exceeds $12/tonne. However, for a co-production plant, he CO2 price has to be more than 
$35/tonne to make CCS cost-effective, when the electricity prices are in the range of $0 - $100/MWh. Without CCS, 
there will be a huge increase in CO2 emissions. Thus, even though co-production plants mitigate financial risk, they 
also cause environmental risk in the form of increased CO2 emissions, unless there is a sufficiently high price on 
CO2 emissions. However, co-production is more efficient than the separate production of liquids and power and, the 
difference in efficiency increases with the addition of CCS. This advantage can be utilized to achieve a net reduction 
in overall CO2 emissions. 
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